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SUMMARY

This report covers the completed work of NASA Statement of
Work L53-9008 dated March 25, 1968 on the development of a

Hydrogen-Burning Annular Combustor for use in a Miniature Gas

Turbine Engine for wind tunnel test programs_ The burner was

designed for a 4:1 pressure ratio engine, 3.6 inch inlet dia-

meter using 1.87 pounds of air per second and an average tem-

perature rise of 1500°F. The annular burner successfully

demonstrated an average temperature rise of 1500_F. minimum and
showed little deterioration after a 5 hour 24 minute endurance

test at the above conditions.

INTRODUCTION

Propulsion simulation in wind tunnel testing has proven to
be extremely useful in obtaining aircraft aerodynamic character-

istics. The present simulation techniques using externally

supplied high pressure gas to power either turbine driven com-
pressors simulating fan jet engines or ejector powered jet-

eng4ne simulators fail to simulate both inlet and exit con-

ditions. One method of simulating an aircraft gas turbine
engine in wind tunnel testing (especially temperature effects)

is to use a scaled down version of the gas turbine engine.

However, development of small gas turbine engines in the past
has been limited by the inability to scale down the length of

the combustion section to match the burning characteristics of
the available fuels.

The fuel must be completely burned within the combustion liner,

therefore the fuel-air mixing and burning rate determines the

length and volume of the combustion liners. A possible solution
to this problem was to use a fuel having a fast burning and mix-

ing rate. Some preliminary work was done on a small two-
dimensional burner using gaseous hydrogen fuel which showed that

burning oould be accomplished in a short combustor. As a result

of these preliminary results the present investigation was under-

taken to deve±op a complete hydrogen-burning annular combustor

suitable for use in a miniature gas turbine engine.

The combustor program consisted of developing a fuel nozzle

and combustion liner combination which optimizes combustion ef-

ficiency, and minimizes pressure drop and exit temperature varia-

tion while achieving a minimum &T of 1500°F. across the burner.
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LIST OF SYMBOLS

SYMBOL DEFINITIONS

Cp specific heat at constant
pressure - BTU/Ib°F

F thrust - pounds

g gravitational acceleration
32.2 ft./sec.2

h enthalpy per unit mass - BTU/Ib.

AH lower heating value of hydrogen
51574 BTU/Ib.

j 778.16 ft. - Ib./BTU

m mass - pounds

P pressure - psi

AP differential pressure - psi

Pro ))

Pr, ) relative pressure)
etc. )

°R degrees Rankine

T temperature OF

AT differential temperature OF

L
&TVR max. local comb. outlet temp.-aver, comb. inlet temp.

aver. comb. outlet temp.-aver, comb. inlet temp.

V velocity - ft./sec.

Wa flow - pounds - air/sec.

Wea flow - pounds excess air/sec.

Wf flow - pounds fuel/sec. ,/i_

efficiency

2 • _
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SUBSCRIPTS DEFINITIONS

0 at engine inlet

3 at combustor inlet

at turbine inlet

at turbine outlet

8 at jet nozzle throat

' . after efficiency considerations,

CHEMICAL SYMBOLS DEFINITIONS

H 2 Hydrogen

H20 Water or steam

02 Oxygen

N 2 Nitrogen
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TEST INSTALLATION

The air supply for this program was provided by an Airesearch
TMC [0_ Has turbine Start Cart. The air was piped to the test

,ection by a 3.5-inch pipe and was cooled enroute by two i,_-line
• Inqle-pass water heat exchangers to a nominal 320°F. at the

burner inlet. Air flow was measured in the air line by use of
an orifice plate. The hydroger was stored in a truck trailer at

2500 psi. The burner section was mount<d in a vertical position
In a fenced iN area outside of the test building. Remote control

for operating the test were ]ocated inside the test building.

Figure 1 shows the _eneral layout of the test set up while Figure
2 is a photoqraph of th- burner installed and in operation.

Instrumentation

Airflow rates were measured by a square-edged orifice installed

according to ASME specifications. The &P across the orifice plate
was read on a mercury "U" tube manometer. Air temperature for the
flow calculations and for the combustion chamber inlet were

measured with Iron-constantan thermocouples and read on a Honey-
well multi-,channel dial type instrument, Combustor exit air total
temperature wa_ measured with Chromel-Alumel ceramic insulated

thermocouples on a recording chart type "Honeywell-Brown Elec-

tronik" instrument.

Hydrogen temperature for the flow calculations was measured

with a Copper-Constantan thermocouple on a digital indicator.

Inlet air total pressure was measured with a three-tube equal-area

rake and read on standard dial type gages. Comhustor exit total
pressure was measured around the annular nozzle with a moveable _

total pressure probe.

CALCULATIONS

2

[
The characteristics of the combustor are calculated as follows

and the results are presented in T-ble i.

Combustion efficiency was defined as the ratio of actual

temperature rise to theoretical temperature rise

Dc = &T (actual)
AT (theoretical)

_H
Where &T (theoretical) -

(m Cp)H20 + (m CD)_N2 + (m Cp)AIR

%

iL
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and the values for (m) are obtained from the chemical equation

H2 + 1/2 02 + 1/2 (3.76) N2 + Wea _ H20 + I/2(3.76)N2 + Wea

(i) + (8) + (26.34) +(92.41)* _ (9) + (26.34) +(92.41)

*based on air fuel ratio = 126.74

Excess air is calculated as follows

Wa (actual) W a (theo)
Wea =

Wf (actual) Wf (theo)

W a (actual)
= - 34.33 ibs.-air - 126.74.-34.33

Wf (actual) Ibs.-fuel

= 92.41 ibs. excess air/lb, fuel

Combustor pressure loss &P/P was defined by the following
expression:

&P aver. inlet total pres. - aver. exhaust total pres.

•- = aver. inlet total pressure

The reference velocity used in this report, which is a common

term in the gas turbine industry, is based on maxJ.mum cross-
sectional area of combustor housing flow path and the static

pressure and temperature at the inlet to the combustor.

-%,

COMBUSTORS

Three major combustion liner configurations and four major fuel
nozzle configurations were tested plus several variations of each
for a total of 65 tests. The liner is annular, 1.80 inches long

and is constructed of .035 inch thick "Hastelloy X." Some of the

configurations tested in the development program are shown on

Figures 3, thru 8. The first liners were built with air holes

and cooling louvers as indicated by configuration runs 16 and 32
shown on Fig. 3. The louvers were later abandoned for addi-
tional holes. The first fuel nozzles were tubes and were

separable from the liner, see photograph on Figure 9. This de-

sign was changed after much testing for an integral nozzle and

combustor liner (see Figure 4 to 8.) The final configuration is
that indicated for runs 56 to 65 on Figure 8. A sketch showing

the final burner assembly is shown in Figure i0. Most of the

changes in design were in an effort to improve the circumferential

temperature distribution and to prevent burning of the liner.

An automotive type 1/4 inch spark plug was used for ignition, i_

: r-
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TEST CONDITIONS AND PROCEDURES

The object of the tests was to obtai_ a &T across the burner

of 1500°F. with a flow of 1.87 ibs./sec, and a 4:1 pressure
ratio with inlet air temperature to the burner of 320°F. The
runs which did not reach these conditions were cut short in

most cases due to hot spots above 2500°F. which were destructive

to the liner. Figure I[ shows the damage which results from hot
spots in the liner.

The procedure for operation of the burner test was as follows:

i. Inlet air pressure adjusted to about 1 or 2 psig

2. Ignitor turned on

3. Vernier fuel flow valve opened

4. When temperature jumped (600°F. to 800°F.)

air flow valve was gradually opened to full

open position, the spark plug was shut off,
at the same time the main fuel valve was

opened at a rate sufficient to prevent
temperatures over 2200°F.

5. The fuel flow, combustor air inlet pressure

and inlet air temperature were adjusted to
desired conditions.

6. Data recorded

7. To shut down, the fuel valve and then the
air valve were turned off.

RESULTS AND DISCUSSIONS

The many combustor configurations were evaluated according
to the following criteria: combustor outlet temperature distri-

bution, liner life, combustion efficiency and pressure loss.

The combustor temperature distribution became the major develop-

ment problem of the program. Wide variations in temperature

around the annulus occurred on most of the early designs. It
is important to obtain equal temperature distribution around

the burner annulus for two reasons: first, variations in

temperature cause structural problems due to varying thermal

growth, second, the average 1500°F &T required for a gas

turbine engine to run means that temperature peaks much in
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excess of the average can cause burning of the liner and/or the
turbine nozzle and turbine wheel.

The liner life initially was a problem because of hot spots.

A typical burned liner is shown in Figurel_. _ _ arrangement of
air holes in the liner and fuel holes in the nozzle determine

the fuel distribution and the existence of hot spots or streaks.

Combustion efficiency was not a problem in this developnent

program. It is of course a measurement of how much burning is
taking place in the combustor itself.

Pressure loss in the burner section is a function of the

liner design. In this development program pressure drop through

the liner was not given much emphasis until after the tempera-

ture distribution problem was solved. Further development work
should easily reduce the pressure drop.

Table 1 shows a complete run down of the important data and

parameters of all the significant configuratiens tested. Results
which show combustion efficiency over 100% have been attributed
to improper sampling.

After several shake down tests of the facility and its

instrumentation a full data run, number 16, (Fig.3) was com-
pleted. The average AT across the burner was low as can be

seen in Figure 12 due to choking of the fuel in the fuel nozzle

inlet tube. Figure 9 is a photograph of a typical tube fuel
nozzle. The liner in this configuration was louvered similar

to aircraft gas turbine combustion liners (see Fig.ll.)Figure ii
is a photograph of a burned liner similar to the liner in run 16.

The inlet to the fuel nozzle was enlarged and efforts were

made to have all nozzle holes precisely the same diameter. After

many tests on several nozzle hole diameters and arrangements,

it was found that the hydrogen would not distribute evenly re-
gardless of the AP across the nozzle. It had been presumed that
if choked flow at the nozzles could be reached each nozzle hole

would deliver the same flow providing the holes were of identi-

cal diameter. The tests which were run proved that this is not

necessarily true. A typical test point indicating the results

of these nozzle tests is run 32 (Fig.3). Figure 12 shows the
the circumferential temperature distribution obtained at the

simulated turbine nozzle exit. All of the tests through run 36
used a stainless steel tube as the plenum for the fuel nozzle.

Having used as large a tube as possible without improving

the fuel distribution the configuration shown for run 37 (Fig.4)
was constructed which allowed considerable more plenum volume.
The deflector burned off during run 37 and was retested as

run 38 without a deflector. Temperature distribution charts for
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these runs are shown in Figures 13 and 14. The problem of dis-

tribution was not solved with the larger plenum. In run 41 and

42 (Figure 5) an attempt to solve the distribution problem with
a porous material in place of drilled holes was made. The non-

homogeneity of the porous material nulified any improvements it

might have made. The temperature distribution for run 42 is

shown in Figure 15. Further attempts to make the porous materi-
al work were tried in run 43 with a new liner. The liner had

drilled holes in place of louvers (see Fig. 5, Run 43.) It was

thought that the louvers may be allowing unequal quantities of
air to pass through the various circumferential positions. _

attempt was made with the porous material in run 44 (Fig. 6) to

swirl the air immediately aft of the porous nozzle in an effort

to even out the high temperature streaks associated with !_!e
uneven hydrogen distribution. See Figure 16 for a phot:_-i_h of

this liner. The hot streaks persisted with this design. It was

concluded that since gas entering a limited volume plenum f_om
a single source will not distribute evenly amonq the many nozzle

holes a multi entrance system of the gas to the plenum would

have to be devised. It was reasoned that a double plenum

chamber as shown on the combustor assembly in Figure i0 with an

equally spaced set of holes at the interface would greatly re-
duce the effects of the uneven distribution. This reasoning

was proven correct in run 50 (Fig. 6.) The temperature varia-

tion (ATVR) showed considerable improvement with a value of

1.17 (See Table I.) A value of 1.00 indicates no temperature
variation around the exit.

With the temperature distribution problem solved efforts

were made to reduce the pressure loss through the liner. Larger

holes were drilled in the liner resulting in reduced pressure

loss (_P)/P on run 54 (Fig. 7 & Table I.) Run 55 (Fig. 7) had an
additional row of holes in the outer liner which resulted in

cold streaks and a poorer _4R as indicated by the circumfer-

ential distribution of temperature of Figure 17. Runs 56 and

57 (Fig. 7) had the size of the selected forward rows of liner

holes increased which resulted in the final configuration.

Runs 58 and 59 were the same as the previous run except it had
a new outer liner. The old liner which had been cut and welded

many times as well as subjected to several runs with temperatures

in excess of 2500°F. was warped. The temperature distribution

for run 58 (finalized configuration) is shown in Figure 18.
Figure 19 is a photograph of the final combustcr before the
welding of the outer liner to it.

A five hour endurance run was completed (runs 60-62) without
repairs at rated temperature, flow and pressu_(Figures _ & 20.)

The endurance run was stopped twice for visual checks of the

liner and once for a switch over of hydrogen storage trailers.
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The entire run was completed in less than seven hours. The five

hours of running at rated conditions appear to be only a fraction
of the liner's total life. See Figures 21 and 22 for before and

after photographs of the liner. Figure 23 shows the condition

of the simulated turbine nozzle following all 65 tests done on
this program.

The final corbustion liner design is capable of being used

in the gas turbine engine as originally proposed. Using the

combustor design of this development program and compressor and

turbine design each of 75% efficiency, a thrust of i00 pounds
can be expected from an engine with a 3.6-inch inlet diameter

flowing air at 1.87 pounds per s_cond. A proposed gas turbine

engine designed for the above performance is shown on Figure 24.
The predicted engine performance is shown in the Appendix.

3

°

9
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APPENDIX

Predicted Engine Performance

Inlet temperature To = 520°R

from Keenan & Kaye* Pro = 1.2147

,, ,_ " h = 124.27 BTU/Ib.
o

for 4:1 pressure ratio Pr3 = 4 (1.2147) = 4.8588

from Keenan & Kaye T 3 = 77 l-5°R

,, - " h 3 = 184.88

compressor work Ah = 184.88-124,27=60.61 BTU/Ib.
" C

assume 75% efficiency Ah' = 60.61 = 80.813 BTU/Ib. !
- .75

enthalpy level at comb inlet h' = 124 27 + 80 81=205 08 BTU/Ib

combustor inlet temp from

Keenan & Kaye T 3 = 854.4°R ....:

combustor temperature rise AT = 1500°F

combustor exit temperature T_ = 2354.4°R

from Keenan & Kaye h_ = 604.24 BTU/Ib'

80.81 107 75 BTU/Ib "_
turbine work (75% efficiency) 5h T = _ = . . .

:D

from Keenan & Kaye P = 339.5 _
r _ ,_

enthalpy level at turbine exit h_ = 604.24-107.75=496.49 BTU/Ib. _/

from Keenan & Kaye Pr = 163 46 /_:_
s .i_.

I0
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from Keenan & Kaye T s = 1970.3°R

turbine exit pressure
(assume P_ = 3.8 atmos.) PT5 = P_ Prs _ 1.829 atmos.

Pr_

H
ex_aust nozzle exit temperature T e Lp--_j

-0. 2q. 5283

= 1.829 1970 .3

= 1699°R

velocity at exhaust nozzle exit Ve =_2 g J CP TTs [i T4- _

= 1850 ft./sec.

V8
F --

g

= 57.45 ibs thrust/ib air/sec.

F = 57.45 (1o87) = 107.4 ib thrust

.,%.

* GAS TABLES - Thermodynamic Properties of Air Products of
Combustion and Component Gases Compressible Flow Functions

by Joseph H. Keenan and Joseph Kaye - John Wile & Sons, Inc.
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FIGURE_2 _ BURNER INSTALLATION
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POROUS SHEET-_

-_39 INLET DIA.\ /--16 (.140 DIA.)
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FIG. 5
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FIG..6
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FIG. 7
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FIG. 8
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FIGURE 9 - FUEL NOZZLE
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FIGURE l l - LOUVERED LINER
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FIG. 12
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FIGURE 16.- SWIRL LINER
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ENDURANCE RUN - RUN 60-62
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FIGURE 21 - FINAL COHBUSTOR LINER
BEFORE ENDURANCE RUN
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FIGURE 22 - FINAL COMBUSTORLINER
AFTER ENDURANCERUN
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FIGURE 23 - SIMULATED TURBINE NOZZLE
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